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ABSTRACT 
To clarify seismic force to buildings and foundations, an effect of dynamic soil and structure interaction is very important. The 
seismic force to buildings and foundations is influenced by characteristics of both soil deposits and buildings. To investigate the 
effects of vibration of soil deposits and buildings, a scaled mode1 of building, foundation, and soil deposit is set up on a shaking 
table. Through analyzing difference between response of foundation without buildings, and surface grounds under the steady state 
excitation, the horizontal response of foundation is less that of ground surface. This tendency is large with frequency. As one of 
parameters. there are three kinds of buildings that are 8, 11 and 15 stories models. Under combinations of soil deposits and building 
properties, seismic forces are compared. The building response is very large when a resonant frequency of building is near to that of 
soil deposit. The bending moment of piles are affected by not only a base shear of buildings but a displacement of surface ground. 
INTRODUCTION 
It is very important to evaluate a seismic action to structures 
during earthquake. The seismic action is dependent on 
characteristics of an incident wave at engineering bedrocks, 
surface soil amplification, an interaction between structure and 
soil, and a structure itself, etc. To incorporate the interaction 
effects in the seismic design, parametric study is necessary to 
clarify the effect of various factors on the response to the 
structures. Focused on the dynamic interaction, effects of 
combinations of soil and structural properties on the seismic 
response of the structure are discussed. 
To design pile foundations, effects of soil deformation are 
incorporated in addition to inertial forces of superstructures. 
The effects of soil deformation to the piles are investigated in 
the experiments and analyses (Mizuno H. et al. and Sugimura 
Y. et al). An evaluation way of seismic forces to pile 
foundations is proposed (Murono Y. et al.). 
A scaled model of building, foundation, and soil deposit is set 
up on a shaking table which can operate one horizontal 
excitation. Parameters in the test are frequencies of buildings, 
soil ground conditions, foundation types and contact condition 
surrounding to foundation embedment, etc. Following items 
are investigated through the shaking table test; 
a) fundamental characteristics of buildings under interaction 
b) foundation input motions to buildings 
c) seismic force to buildings and foundations 
MODEL AND EXPERIMATAL OUTLINE 
Several story buildings with high-rise wall frames are selected. 
Structural systems of the buildings are a frame-type with bvall 
columns and multi-stoIy shear walls in longitudinal and trans- 
verse directions, respectively. In this study, buildings of multi- 
story shear walls with two bays on the soft and medium soil 
deposits are modeled. In designing the models. a similitude law 
is used, whose ratios are represented in Table 1. The 
representative similitude ratios are l/40 in length and l/sqrt(40) 
in time. 
Table 1 Similitude Ratios 
Item Dimension Ratio 
Length* L l/40 
Cross SectIonal 
Area L2 1 /1,600 
Velocity LT-’ l/6.325 
Acceleration* LT-* l/l 




Weight MLT-’ l/96,000 
Mass M l/96.000 
Stress ML-IT-* l/60 
Density* ML-3 l/1.5 
Moment ML’T-* 1/384x 1 o3 
Spring Constant MT-* l/2,400 
Poisson’s Ratio --- l/l 
Damping Factor --- l/l 
l Fundamental Similitude Ratios 
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A scaled model of building, foundation, and soil deposit, which 
is drawn in Fig. 1, is set up on a shaking table which can 
operate one horizontal excitation. The building and foundation 
models are made of steel, aluminum and acrylic materials. The 
buildings are composed of masses and steel plates. Table 2 
shows weights, stiffness and heights of 3 building models, 
compared with target values from the prototype. The 
foundation has an embedment with depth of 8% of building 
height, and four piles. The embedment is assumed to be rigid. 
And the soil deposit model is made of poly-acrylamide and 
bentnite, etc. The building, foundation and soil deposit have an 
elastic property. The dimensions of the soil deposit are 3m, 2m 
and 0.6m in excitated, transverse directions and in height. The 
boundary of the soil deposit is free. Thin steel pates are 
installed in the transversely side boundaries to protect from 
decreasing the vertical displacement during excitations. The 
comparative values of soil properties between models and 
prototypes are shown in Table 3. Two kinds of soil deposits are 












Table 2 Building Properties of Prototypes and Models 
tvbdel 
Te-getVhes Real v&2s 
Weieht StXtwss HBi& We&t Stiffness Hi& 
in the test, which are summarized in Table 4 as experimental 
series, are as follows; 
a)period of buildings; 8, 11 and 15 stories 
b)soil ground condition; soft and medium soil deposits 
c)foundation types; spread and pile foundations 
d) contact condition surrounding to foundation embedment: 
backfill condition and bottom contact 
Several earthquake motions and steady state waves (sweep 
wave) are incident to the surface soil ground. As another way 
to make clear the fundamental characteristics of the buildings 
under interaction effect, a free vibration test with initial 
displacement of buildings is applied. As measurement in the 
test, accelerometers are installed in the buildings and soil 
deposits as shown in Fig. 1. Earth pressure transducers are 
attached to measure normal pressures on side and bottom faces 
of foundation embedment. Also in the piles. strain gages are 
attached to evaluate bending moment distribution of piles 
Gi ob(/m) (4 P-3 Wd (CA (N) Wd C-G 
2097.2 123 27 21.85 53 6.75 25.23 55 6.95 
1940.4 191 2.7 20.19 79 6.75 23.91 97 6.96 
1999.2 242 275 20.87 101 6.88 23.91 97 6.96 
ma.8 294 275 21.07 122 6.88 23.91 125 7.00 
2077.6 345 28 21.66 144 7.00 23.91 128 7.00 
2116.8 414 28 22.05 172 7.00 24.21 190 6.96 
2195.2 482 28 22.83 201 7.00 24.50 176 6.96 
2254.0 573 285 23.52 239 7.13 24.79 261 6.99 
2273.6 717 285 23.72 299 7.13 25.19 256 6.99 
2371.6 916 29 24.70 382 7.25 24.99 413 6.69 
Table 3 Soil Properties of Prototypes and Models 
hb&l 
Red values 
hkditm 17.6 MO 50 11.8 31.6 50 134 239 1.9 
SOR 157 loo 50 10.5 158 50 10.9 14.3 38 
Table 4 Experimental Parameters and Series 
Foundation Ground Building Type 
TYPO TYPO 
;;u,n,“,B;$ Backfill ,“.“,“;:“,‘,“,‘,;tff& oF’ 8F 
IIF 15F 
Ground (No Medium --- _-- --- 0 -_ -- -- 













Fig. I. A Scaled Model ofA Building, 
Foundation and Soil Deposit 
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FUNDAMENTAL CHARACTERISTICS OF BUILDINGS 
AND SOIL DEPOSITS 
Table 5 summarizes natural periods and damping factors of 
each buildings with fixed base in several ways. The buildings 
have shear vibration modes. Damping factors are remarkably 
little, because the material of buildings are made of steel. 
Transfer functions of medium soil deposit with depth in the 
sweep excitation are drawn in Fig. 2. Although areas near free 
boundary of the soil deposit include vertical motions, the soil 
deposit has a shear deformation uniformly in the horizontal 
excitation. The resonant frequencies and damping factors of the 
soft and medium soil deposits are about lO.lHz, 1.9% and 
6.4Hz. 3 .S%, respectively. 
FOUNDATION IMPUT MOTION TO BUILDINGS 
Through analyzing difference between response of foundation 
without buildings and that of soil surface under the sweep 
excitation, the input motions to buildings are investigated. 
Though the input motion have to be evaluated as a response of 
massless foundation, the foundation response with mass is 
assumed to be equivalent to the input motion. 
The foundation input motions in horizontal direction 
normalized by horizontal response at soil surface are shown in 
Fig. 3. Although there are frequency regions in which the 
foundation input motions are larger than unit, the foundation 
input motions are less than a unit, and tend to decrease with 
frequency. The piles are effective to decrease the horizontal 
input motions. 
The foundation input motions in rotational direction 
normalized by horizontal response at soil surface are shown in 
Fig. 4. The rotational components are angular accelerations of 
foundation embedment multiplied by the half of embedment 
width. At the fundamental resonant frequency of the soil 
deposit, the rotational input motion is much less than the 
horizontal one. With frequencies, the rotational component is 
large, and reaches to about 20% of the acceleration of soil 
surface. The rotational input motion with pile foundation is a 
little less than that with spread foundation. 
Table 5 Natural Periods and Damping Factors of Buildings 
with Fixed Base 
Free Vibration Sweep Excitation Earthquake 
Building Mode Excitation 
fn(Hz) h&j fn(Hz) hn(%) fn(Hz) hn(X) 
8F First 24.6 0.202 24.4 0.254 24.5 0.3 11 
Second 67.5 67.0 0.282 
First 1 a.4 0.200 18.5 0.296 18.6 0.190 
I IF Second 50.9 50.6 0.293 
Third 85.1 
First 11.2 0.240 11.1 0.284 11.2 0.296 
15F Second 32.3 0.189 32.2 0.253 32.2 0.254 
Third 54.7 54.5 0.177 
Fourth 75.5 75.2 0.092 
Fig. 5 summarizes the relationship of actions and reactions to 
the pile foundation embedment at the fundamental resonant 
frequency of the soil deposit. In the backfill conditions, the 
inertial force and earth pressures of embedment are in the 
actions. On the other hand, the resistance of piles and the 
friction of the embedment are included in the reaction factors. 
i 
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FREQUENCY(HZ) 
RESONANT CURVE(Medium Soil Deposite) 
Fig. 2. Transfer Functions of Medium Soil Deposit 
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Fig, 3. Foundation Input Motions in Horizontal 
Direction Normalized by Horizontal Response at Soil 
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l+jg. 4. kbundation Input Motions in Rotational Direction 
Normalized by Horizontal Response at Soil Sk-ace 
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INTERACTION WITH BUILDING AND SOIL DEPOSIT 
Buildings of 8. 11 and 15 stories are added to the foundation- 
soil deposit systems. The buildings are modeled as follows; 
a) 8 stories building (SF): resonant frequency of building with 
interaction is larger than that of soil deposit. 
b) 11 stories building (11F): resonant frequency of building 
with interaction is very similar to that of soil deposit. 
c) 15 stories building (15F): resonant frequency of building 
with interaction is smaller than that of soil deposit. 
The resonant frequencies of the buildings on the soil deposit 
are summarized in Table 6, in various conditions of soil 
deposits, foundation and earth pressure to embedment, etc. 
Resonant frequencies of buildings are remarkable less than 
those with fixed base. Because the stiffness of buildings with 
high-rise wall frames are relatively large and tips of piles are 
free. Ratios of the building frequencies to those with fixed base 
are 0.4 to 0.5 and 0.5 to 0.64 in spread and pile foundations 
with backfill, respectively. In the soft soil deposit, ratios in the 
pile foundation are 0.4 to 0.5. Ratios of sway, rocking and 
building deformation are summarized in Table 7. Ratios of 
rocking deformation are 60 to 70 and 40 to 50 in spread and 
pile foundations with backfill, respectively. Sway deformations 
are not so large. The rocking deformations are predominant in 
the building- foundation-soil systems. 
The resonant curves of the acceleration of building top in the 
three different buildings are drawn in Fig. 6, normalized by the 
amplitude of input motion at the bottom of soil deposit. Each 
resonant curve has two typical resonant points, that is, the 
resonant frequencies of building and soil deposit. In case of 
11F building, as two kinds of resonance frequencies approach 
each other, the amplification factor is remarkably large in both 
resonant frequencies. The modes of acceleration through the 
top of building to tip of pile. earth pressure of embedment and 
distribution of pile bending moment in the building-pile 
foundation-soil system are summarized in Fig.7. In the figure, 
modes at two typical resonant points of building and soil 
deposit are included. And also the mode at the resonant 
frequency of soil deposit in the pile foundation-soil system is 
added. In Fig. 8, the resonant curves of the acceleration of 
foundation in the three different buildings are drawn. The 
response of the foundation is largest in the resonant frequency 
of soil deposit. With increasing the response of the building, 
the response of the foundation tends to be is small. 
PiLE FOUNDATION o% 20% p~;C’p~moFYK)8m ,oo% 
Fig. 5. Relationship between Actions and Reactions to 
Pile Foundation 
Table 6 Resonant Frequencies of Buildings 
Ground Foundation Embedment 
Contaot of - a-6 ,tories Building 11 -stories Buik I&- 15-stories Building 
TYPO TYPO of Footing 





16% with contact 
with 
Pile ax . ..IL^. _L 
YVLL”,,, (Hz) (%) 
with i 1.9 0.485 3.28 - - - - 
- - - 
16.3 0.669 1.80 
- - - 
w’L”“uL Se aration _ - - 
- - - 
with Contact i 1.8 0.478 5.78 
without - - - 
(Hz) (%) 
7.42 0.401 5.46 
5.22 0.28 
a.70 0.471 2.41 
9.25 0.500 2.29 
(Hz) (%) 
5.04 0.451 3.60 
2 9.46 - - - 
- - 
6.41 0.547 4.81 
Soft 
Spread 
Pile ax 4.85 0.434 4.46 - - - 
ng ia.49Hz 
Ground Foundation Embedment 
Contact of a-stories Building 
TYPO TYPO of Footing 
Be&ill Footing S R B 
Bottom (U) (X) (X) 
a% 
with 7.3 60.3 32.4 
Spread without 
Medium 16% with Contact - - - 
with 2.2 43.0 54.8 
Pile ax - - - without 
Separetion - - - 
Spread - - - 
soft Pile 
ax with Contact 11.3 59.7 29.0 
without - - - 
note S: Ratio of Sway R: Ratio of Rocking B: Ratio 
note fr: Resonant Frequency with Fixed Base a-stories Building 24.35Hz 
15-stories Buildind 11 .i 7Hz 
fb’: Resonant Frequency with Interaction h: Damping Ratio with Interaction 
Table 7 Ratios of Sway, Rocking and Building Deformation 
11 -stories Building 
S R B 
5: ( 1 78.3 (%) 16.2 (%) 
7.0 85.2 7.8 
7.3 69.7 23.0 
14.0 52.8 33.2 
i 2.8 57.2 30.2 
15.8 57.4 27.0 
7.3 a.31 9.6 
13.4 62.5 24.1 
29.1 52.8 la.1 
of Building 
l&tories Building 
S R B 
w 6) 6) 
4.5 73.8 21.7 
- - - 
- - 
5.8 50.2 44.0 
- - - 
- - - 
- - - 
13.0 62.4 24.8 
- - - 
Paper No. 9.23 
The resonant curves of the earth pressure at side of foundation 
embedment are shown in Fig. 9. The earth pressure in case 
without building, which is also drawn in the figure, is much 
small. The amplification property of earth pressure is similar to 
that of acceleration of building top, as shown in Fig.6. The base 
shear of buildings is participated by normal earth pressure to 
the embedment. The resonant curves of the bending moment of 
pile head are shown in Fig. 10. The bending moments of pile 
head are affected by not only the base shear of buildings but 
also the displacement response of soil deposit. 
CONCLUTIONS 
Concluding remarks in the test results of scaled building- 
foundation-soil deposit systems are summarized as follows; 
l)Sway deformations are little. The rocking deformations are 
predominant in the building- foundation-soil deposit systems. 
2)Through analyzing difference between response of 
foundation without buildings and that at soil surface, the 
horizontal response of foundation is less that of ground surface. 
This tendency is large with frequency. 
3)Under combinations of building and soil deposit properties, 
the building response is very large when the resonant frequency 
r .  180 
0 5 10 15 20 
FREQUENCY(HZ) 
Fig. 6. Resonant Curves OfAcceleration of Building Top 
















0 5 FREQ”&Y(HZ) 15 20 
Fig. 9. Resonant Curves of Earth Pressure of Embedment 
Foundation in Three Different Buildings 
of building is near to that of soil deposit. The earth pressure of 
the embedment is corresponding to the inertial force of the 
building. The bending moment of piles is affected by not only 
the base shear of buildings but also soil displacement response. 
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Fig. 8. Resonant Curves of Acceleration of Foundation 
in Three D$ferent Buildings 
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Fig. 10. Resonant Curves of Bending Moment al 
Pile Head in Three Different Buildings 
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